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ABSTRACT In recent host-guest studies, the helix-
forming tendencies ofamino acid residues have been quantified
by three groups, each obtaining similar results [Padmanabhan,
S., Marqusee, S., Ridgeway, T., Laue, T. M. & Baldwin,
R. L. (1990) Nature (London) 344, 268-270; O'Neil, K. T. &
DeGrado, W. F. (1990) Science 250, 646-651; Lyu, P. C., Liff,
M. I., Marky, L. A. & Kallenbach, N. R. (1990) Science 250,
669-673]. Here, we explore the hypothesis that these measured
helix-forming propensities are due primarily to conformational
restrictions imposed upon residue side chains by the helix itself.
This proposition is tested by calculating the extent to which the
bulky helix backbone "freezes out" available degrees of free-
dom in helix side chains. Specifically, for a series of apolar
residues, the difference in configurational entropy, AS, be-
tween each side chain in the unfolded state and in the a-helical
state is obtained from a simple Monte Carlo calculation. These
computed entropy differences are then compared with the
experimentally determined values. Measured and calculated
values are found to be in close agreement for naturally occur-
ring amino acids and in total disagreement for non-natural
amino acids. In the calculation, ASAIa = 0. The rank order of
entropy loss for the series of natural apolar side chains under
consideration is Ala < Leu < Trp < Met < Phe < Ile < Tyr
< Val. Among these, none favor helix formation; Ala is
neutral, and all remaining residues are unfavorable to varying
degrees. Thus, applied to side chains, the term "helix prefer-
ence" is a misnomer. While side chain-side chain interactions
may modulate stability in some instances, our results indicate
that the drive to form helices must originate in the backbone,
consistent with Pauling's view of four decades ago [Pauling, L.,
Corey, R. B. & Branson, H. R. (1951) Proc. Nati. Acad. Sci.
USA 37, 205-210].
The a-helix stands as a hallmark of protein structure. First
proposed as a model by Pauling et al. (1), the structure was
quickly confirmed in ongoing x-ray studies (2). Yet today,
four decades later, the thermodynamic basis of helix stability
remains controversial.
As protein x-ray structures became available (3), many
empirical helix-prediction methods were formulated, each
utilizing the data base of known structures to reckon the
helix-forming propensities of residues from their frequencies
of occurrence in helices (4). Another notable approach is that
of Scheraga and coworkers (5), who extracted Zimm-Bragg
(6) nucleation and propagation parameters (oa and s, respec-
tively) by introducing each amino acid, in turn, as a "guest"
residue into a poly(hydroxyalkylglutamine) "host."
The helix-forming propensities in empirical studies (7) are
moderately correlated with propagation parameters from
host-guest experiments. Both lines of investigation concur in
the finding that the helical propensities of the strongest helix
formers are modest, at best. It follows that the helical state
in either peptides or proteins will not be well populated
without significant enhancement. In peptides, enhancement
of a given residue's modest helix-forming tendency is realized
through scaling, with chains in excess of 100 residues needed
to boost helix formation to detectable levels. In proteins,
where the average length of a helix is 12 residues (8),
enhancement is provided by tertiary interactions with other
parts of the molecule.
The weak helix-forming tendencies of natural amino acid
residues led to the unwelcome conviction that helices lack
sufficient stability to serve as autonomous units during pro-
tein folding. Thus, it came as a surprise when Baldwin and
coworkers (9), expanding upon work ofBrown and Klee (10),
demonstrated the existence of stable, short (13-residue),
isolated helices in water. Their results prompted a reconsid-
eration of earlier work and reversed the existing paradigm in
folding studies: helices might function as independent folding
units after all.
Short helices afford a convenient tool for conducting
host-guest studies. Using a heterogeneous, designed peptide
as the stable host, three groups have produced experimental
scales of helix propensities. Baldwin and coworkers mea-
sured the helix-forming tendency of five natural, apolar
residues (11) and three non-natural residues (12) by circular
dichroism (CD) spectroscopy of a soluble, alanine-based
peptide. O'Neil and DeGrado (13) obtained the free energy
contribution to helix formation-relative to Gly-for all
naturally occurring amino acids by measuring changes in the
helix= coil equilibrium constant upon residue substitution at
a solvent-exposed site in a coiled-coil system (13). Lyu et al.
(14) derived the free energy contribution to helix formation-
relative to Gly-for 10 natural (14) and 4 non-natural residues
(15) based on Zimm-Bragg (6) treatment of CD measure-
ments of a highly polar, block sequence.
These three scales yield similar, though not identical,
results. Since each scale was elaborated within the context of
a specific system, differences are probably due to experi-
mental idiosyncrasies, not essential discrepancies. We return
to these issues in later sections of this paper. Of note in all
three scales, the order of effectiveness of the amino acid side
chains in forming helices departs significantly from that found
in earlier host-guest studies (5).
All investigators have hypothesized that differences in the
helix-forming propensities of residues with chemically equiv-
alent backbones (i.e., all but Pro and Gly) are due, at least in
part, to conformational restrictions imposed upon the side
chain by the helix itself (5, 11, 13, 14). We test this hypothesis
by calculating the entropy loss (AS) for a series of apolar side
chains upon transfer from a model unfolded state to the
a-helical state. In the calculation, the unfolded state is
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represented by a flexible tripeptide and the a-helical state by
a polyalanyl host with a central guest position.
For naturally occurring amino acids, the computed side-
chain entropy loss is in excellent agreement with the three
experimental scales. Calculated values of AS scale linearly
with CD ellipticity from the studies of Baldwin and cowork-
ers (11) and with changes in free energy from the studies of
both O'Neil and DeGrado (13) and Lyu et al. (14). In contrast,
there is complete lack of agreement between calculated and
experimental scales for the non-natural amino acids, and an
interpretation of this discrepancy is offered. The calculation
is now described in detail.
METHODS
The change in configurational entropy, AS, for a side chain
taken from the standard (unfolded) state into an a-helical
peptide is estimated from
AS = Sa - So [1]
where Sa is the entropy for the side chain in the a-helix and
50 is the entropy in the standard state. The side-chain
entropies in each state are calculated from side-chain rotamer
distributions by using a well-known entropy relation due to
Boltzmann (16),
S = -RE pi In pi, [2]
where pi is the probability of the side chain being in rotamer
class i, with the sum being performed over all rotamer
classes; R is the gas constant.
The rotamer probabilities, pi, are obtained by partitioning
all side-chain rotamers into disjunct classes. In each case, the
side-chain dihedral angle, Xi, ranges over the semi-open
interval [-180°, 1800), with classes defined as follows: (i) X
angles involving rotation about a bond between two tetrahe-
dral carbons, or between a tetrahedral carbon and the sulfur
of Met, are partitioned into three classes: trans (X > 1200 and
X -120) gauche+ (00 < X < 120°) and gauche- (-120° <
X ' 00). (ii) X angles involving rotation about a bond between
a tetrahedral carbon and a trigonal planar carbon, such as X2
for Phe, are partitioned into four classes: trans (X > 1350 and
x -< 1350), +90 (450 <x < 1350), 00 (-450 <x < 450) and
-900 (-1350 < x -< 450).
In keeping with the IUPAC-IUB convention (17), X = 180°
corresponds to trans. Our rotamer classes are similar, but not
identical, to those of Ponder and Richards (18). It should be
noted that the entropy calculated from Eq. 2 is sensitive to the
choice of rotamer classes.
Side-chain rotamer distributions are obtained from Monte
Carlo simulations with Metropolis sampling (19). The Me-
tropolis algorithm, outlined in Fig. 1, is widely used to sample
configurations from a Boltzmann-distributed population. In
this method, a trial configuration is generated by randomly
perturbing the system; i.e., a randomly chosen atom is
displaced by a random distance. If (a) the energy of the
system decreases upon perturbation or (b) a normal random
deviate between 0 and 1, r(0, 1), is less than the Boltzmann-
weighted energy, e-AE/RT, then the trial configuration is
accepted as a new starting configuration. If neither condition
(a) nor (b) is satisfied, the trial configuration is rejected, and
the system reverts to the previous starting configuration. This
cycle is repeated iteratively. System statistics (e.g., rotamer
data) are collected at the end of each cycle, regardless of
whether a new configuration was accepted or the original
starting configuration was retained.
The a-helical peptide is modeled by a rigid (Ala)4-Xaa-
(Ala)4 helix with dihedral angles of -= 650 and 4 = -400;
these angles resemble the average values in protein helices
Starting configuration 4
Randomly generate a trial configuration
Calculate the change in energy,
AE = E(trial) - E(starting)
Is AE <0?
No Yes
Starting configuration := trial configuration
Is r(0,1) < exp(-AE/RT) ?
No Yes
Starting configuration := trial configuration
Retain the previous
starting configuration
FIG. 1. The Metropolis sampling algorithm.
(20). Peptide bonds are held fixed with w = 180°. The residue
of interest, Xaa, occupies the "guest" position and is mod-
eled by a rigid backbone and flexible side chain. The standard
state is represented by a flexible Ala-Xaa-Ala tripeptide, with
rotation allowed about the backbone (4, 4,) dihedral angles.
The peptide unit is constrained to be planar.
Atomic interactions are modeled using the AMBER/OPLS
force field (21, 22). This potential is of the form
Etotal = electrostatic + van der Waals + bond stretching
+ angle bending + dihedral torsions





+ >j Kr(r-req)2 + > Ko(6-Oeq)2
bonds angles
+ I -[1 + cos(no - y)].dihedrals 2 [31
The partial charges on two arbitrary atoms, i and j, separated
by distance rij, are given by qj and qj, respectively. AU and Cy
are the van der Waals parameters for interaction between
atoms of types i and j. Kr is a bond stretching force constant,
and r,q is the equilibrium bond length for that bond. Similarly,
K6 is an angle bending force constant, and Oeq is the equilibrium
bond angle. Associated with each dihedral angle is a torsion
force constant, V, a phase, y, and a parameter, n, that
determines the number and positions of rotational minima.
The first two terms of Eq. 3 describe the electrostatic and
van der Waals non-bond interactions, summed over all atom
pairs, parameters for which were derived from experimental
data for organic liquids by Jorgensen and Tirado-Rives (21).
No explicit hydrogen-bonding term was found to be necessary
(21), and lone pairs are not modeled explicitly. The 1-4
non-bond interactions (interactions between atoms separated
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by three bonds) are scaled in order to obtain reasonable results
(21). Following Weiner et al. (22), the scaling factors used are
2.0 for van der Waals interactions and 8.0 for electrostatic
interactions. Bonded interaction parameters are drawn from
the AMBER forcefield (22). A united atoms representation is
used (21): polar hydrogens are included explicitly; nonpolar
hydrogens are treated by increasing the radii of the heavy
atoms to which they are attached (e.g., CH2 and CH3). In our
simulations, parameters for the non-natural amino acids
a-aminobutyric acid, norvaline, and norleucine (Abu, Nva,
and Nle) were taken from the AMBER/OPLS parameters for the
natural amino acids. The solvent is modeled as a dielectric
continuum with £ = 78, with a system temperature of 300 K.
Each simulation involves a single isolated peptide. Side-
chain conformations are generated by random rotations ofup
to 1200 about randomly chosen X angles, based on the
following rationale. Rotations in the range 60°-120° are re-
quired to ensure that side chains are not trapped in rotational
minima. Rotations of >1200 appear to have no effect on the
results. In addition to rotation about side-chain X angles,
side-chain atoms are displaced randomly (<0.01 A) and
scalar angles are bent randomly (<5O). These latter pertur-
bations are necessary because some rotamers (e.g., the
gauche+ rotamer of Val in a helix) are inaccessible without
slight distortion of the side chain.
In the standard state, random rotations about backbone
and dihedral angles of up to 1200 are allowed, in addition to
those about side-chain X angles. However, random pertur-
bation of the atomic positions and scalar angles is confined to
the guest side chain.
In the a-helix model, the van der Waals radii of nonpolar
atoms were reduced to 90% of their AMBER/OPLS radii to
compensate for backbone rigidity. If full radii are employed,
some sterically disfavored rotamers in a-helices that are
nevertheless observed in crystal structures (23) are elimi-
nated from the simulated population (e.g., the gauche- and
gauche+ classes of Val). Radii were not scaled during
simulations of the standard state, since, in this case, results
are unaffected by scaling.
RESULTS
Simulations are summarized in Table 1. For each residue, an
equal number of configurations was generated in both the
I---,
0.20
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FIG. 2. The cumulative value of -TAS for Phe as a function of the
number of configurations.
helical and standard state. An initial equilibration step,
consisting of 50,000 configurations, was used to relax the
model structures prior to collection of data.
Care was taken to ensure that each simulation converged
to equilibrium. Convergence was monitored by tracking the
cumulative value of -TAS as a function of the number of
configurations. Fig. 2 depicts such a plot for Phe. Residues
containing rings require a larger number of configurations to
attain equilibrium, due in part to the fact that steric overlap
of the bulky ring moiety results in many high-energy trial
configurations.
For all residues, rotamer distributions were calculated in
both the a-helix and standard states. As an example, results
for Val are shown in Fig. 3. The a-helix distribution is similar
to that observed for Val residues in protein helices (23).
In each case, rotamer distributions in the a-helix differ
markedly from those in the standard state. For example, the
Xi gauche+ rotamer is disfavored for all cases; additionally,
gauche- is disfavored among the 8-branched residues Val
and Ile (see Fig. 3). These rotamer preferences result from
steric interference between CY of the guest residue and the
carbonyl oxygens of the residues i - 2 and i - 3 in the helix.
In contrast, none of the X, rotamer classes is strongly
disfavored in the standard state.
Table 1. Calculated changes in entropy for the amino acids studied
S°/R* --[0I222,J
Configurations, Sa/R* (standard -TASt degrees- AAGK,§ AAGD,1
Residue no. x 10-6 (a-helix) state) kcal-mol-1 cmldmol-l kcal-mol-1 kcal-mol- Pa11 S4*
Natural
Ala 0.0 25,800 0.0 0.0 1.60 1.07
Val 3 0.100 0.746 0.39 5,600 0.45 0.63 1.09 0.95
Ile 6 0.755 1.247 0.29 13,400 0.40 0.54 1.31 1.14
Leu 6 0.831 0.902 0.04 26,300 0.17 0.15 1.50 1.14
Met 16 2.327 2.579 0.15 20,800 0.22 0.27 1.44 1.20
Phe 40 1.691 2.127 0.26 7,600 0.36 1.45 1.09
Tyr 40 2.354 2.904 0.33 0.60 0.61 1.02
Trp 40 1.846 2.054 0.12 0.32 1.34 1.11
Non-natural
Abu 3 0.666 0.829 0.10 20,300 0.04
Nva 6 0.991 1.382 0.23 26,100 -0.02
Nle 16 1.807 2.066 0.15 28,200 0.00
The non-natural amino acids are Abu, a-aminobutyric acid; Nva, norvaline; and Nle, norleucine.
*Values of SIR were calculated from Eq. 2; R is the gas constant.
t-TAS = -RT[(Sa/R) - (S0/R)], with T = 300 K.
WFrom Padmanabhan et al. (11).
§1&AAGK = AAGm(residue) - AAGm(Ala), with AAGm values from Lyu et al. (14, 15).
1AAGD = AAG0(residue) - AAGa(Ala), with AAGa values from O'Neil and DeGrado (13).
IlFrom Chou and Fasman (7).
**From Sueki et al. (5).
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FIG. 3. Rotamer distributions for Val. The helical state is rep-
resented by the solid line and the standard state by the dashed line.
With the exception of the rings (Phe, Tyr, and Trp), the
calculated side-chain rotamer distributions in isolated a-hel-
ices are similar to those observed in protein helices (23).
Exact correlation is not expected, since the distributions
obtained in our study are necessarily limited to the peptide,
and they preclude those contributions that, in the protein,
arise from interactions between helices and other parts of the
molecule.
The rings are an exception. In our calculations, residues
containing rings have Xi values that are predominantly
gauche- (=65% of rotamers have a Xi ofgauche-), while in
protein helices, the favored X1 value is predominantly trans
(=65%) (23). In isolated helices, a Xi of gauche- allows the
rings of Phe, Tyr, and Trp to make favorable van der Waals
contacts with the helix. In contrast, with aXi of trans, the ring
points away from the helix, reducing the number offavorable
intramolecular contacts. In proteins, where the rings are
usually buried, favorable van der Waals contacts are realized
in both trans and gauche- rotamers of X1. Additionally, a
bulky residue at the i - 4 position ofa helix will interfere with
Xi rotamers.
In Fig. 4, our calculated values of -TAS for the natural
amino acids are compared with the Gibbs free energy changes
(AAG) measured by O'Neil and DeGrado (13) and Lyu et al.
(14). Calculated values are in excellent agreement with ex-
perimental values. A linear model for predicting experimental
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FIG. 4. Correlation between experimental AAG = (AAGresidue -
AAGAIa) values and calculated values of -TAS. The data of Lyu et
al. (14) are represented by filled circles. The values of - TAS used in
the comparison with the data of Lyu et al. (14) were calculated using
T = 277 K, the temperature at which experimental data were
collected. The data of O'Neil and DeGrado (13) (at T = 300 K) are
represented by open triangles.
following equations and correlation coefficients (p): for
O'Neil and DeGrado (13),
AAG = -1.52TAS + 0.06, p = 0.97, [4]
and, for Lyu et al. (14)
AAG = -1.15TAS + 0.06, p = 0.96. [51
These results support the hypothesis that loss of side-chain
entropy is a major determinant of the helix-forming propen-
sities of naturally occurring residues.
In Fig. 5, the calculated - TAS values for the natural amino
acids are compared with the ellipticities measured by Pad-
manabhan et al. (11). The linear regression is given by:
-[O]222 = 56,665 TAS + 27,255, p = 0.95. [6]
The value for Phe is an outlier in the plot. Padmanabhan et
al. (11) pointed out that the spectrum for Phe does not pass
through the isodichroic point. Omission of Phe improves the
regression line slightly (p = 0.99).
The calculated values of -TAS are modestly correlated
with the Chou-Fasman (7) index of helical preference, Pa.
Linear regression analysis yields a correlation coefficient of
0.71. Tyr is an outlier (see Table 1). Excluding Tyr from the
analysis yields an improved correlation coefficient of 0.86,
underscoring the conclusion of Chou and Fasman (7) that Pa
reflects conformational preferences. Tyr is also found to be
an outlier in the comparison ofthe experimentally determined
AAG values of O'Neil and DeGrado (13) with the Chou-
Fasman indices.
In contrast to the above analyses, there appears to be little
correlation between our calculated - TAS values and the s
constants derived by Sueki et al. (5) from host-guest exper-
iments (Table 1). A linear regression model for -TAS and
In(s) yields a correlation coefficient of only 0.56.
Entropy changes were also calculated for the non-natural
amino acids (Table 1). Values of - TAS were compared with
corresponding experimental values ofAAG measured by Lyu
et al. (15) and the ellipticities measured by Padmanabhan and
Baldwin (12). No correlation between the calculated and
experimental data is observed. However, the two experi-
mental data sets are not correlated with each other (12, 15).
A possible source of the differences between calculated and
experimental values for the non-natural amino acids may be
due to interactions between side chains in the experimental
polypeptides. Modeling indicates that Nva and Nle side
chains, in the peptide used by Padmanabhan and Baldwin (12),
can undergo favorable hydrophobic interactions with the
1 <~~~~~~~~~~13
0~~~~~~
0.0 0.1 02 03 0.4
-TAS
FIG. 5. Correlation between the mean ellipticities (degrees-
cm2 dmol-1) at 222 nm [data of Padmanabhan et al. (11)] and the
calculated values of - TAS. The single open square represents Phe.
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methylene groups of Lys residues situated at the i - 3 position.
Similarly, Nle residues, in the peptide used by Lyu et al. (15),
may interact with each other or associate with methylene
groups from surrounding Lys and Glu residues. Correspond-
ing hydrophobic interactions would be precluded in our model
peptide, which contains a solitary guest position.
DISCUSSION
Baldwin and coworkers' (9) demonstration of helix formation
by short peptides in water has stimulated many further
studies, both experimental (24-26) and theoretical (27-30).
Supplementing this list, the preceding sections describe a
way to compute the change in configurational entropy of a
residue side chain upon transfer from an unfolded state to the
a-helical state (Eq. 1). The calculation is based upon a
familiar relationship (Eq. 2), common to both physical chem-
istry (16) and information theory (31). Of potential concern is
the fact that the entropy, S, computed with Eq. 2, is highly
sensitive to the number of discrete states, which are defined
a priori. However, the change in entropy, AS, between two
populations, each distributed over identical states, is rela-
tively insensitive to the number of states, and any exhaustive
partitioning of the data yields similar answers.
Our results, summarized in Table 1, show that atoms from
the helix backbone limit conformational flexibility of the side
chain for all residues but Ala. Moreover, for a residue Xaa,
the magnitude of -TAS at 300 K closely approximates the
experimentally determined changes in free energy relative to
Ala, AAGxaa - AAGAia (13, 14); thus, for side chains, any
enthalpic contributions to the experimental values are likely
to be small.
In sum, side-chain entropies oppose helix formation. While
additional factors, such as side chain-side chain interactions,
may modulate helix stability in some cases, the loss of
side-chain entropy is never favorable. Of course, the loss of
backbone entropy upon helix formation cannot be favorable
either. Nevertheless, given the abundance of helices in
protein molecules (-25%) (8) and the fact of their existence
in small peptides (9), the helix is clearly an energetically
favored structure under physiological conditions. Hence,
general factors that drive helix formation must originate in
the backbone.
There has been considerable controversy in the recent
literature about values of the Zimm-Bragg helix propagation
parameter, s (14, 32-34). From Table 1, ASAla = 0, and if loss
of side-chain entropy is the sole factor at issue, then ss chain
= 1. In this case, assuming additivity, the difference of
experimental values, AAGx - AAGAla, measures slde chain for
any residue Xaa with a chemically equivalent backbone (all
but Gly and Pro). It is precisely these differences in AAG that
are seen to scale linearly with computed values of AS, with
slopes near unity and intercepts near zero (Eqs. 4 and 5).
Configurational entropy is the only factor treated by Eqs.
1 and 2; solvation entropy is not included. Neglect of solvent
entropy appears warranted for a peptide side chain because
no significant differences in solvation are expected between
a side chain in a tripeptide and in the solitary guest position
of a polyalanyl host. In either case, the side chain is highly
solvent-exposed. The same situation would not obtain for a
protein helix that, upon association with the remainder of the
molecule, engenders a solvent-shielded interaction surface.
We conclude that residue side chains in middle positions of
a monomeric a-helix are not stabilizing, in general, and
residues found preferentially in helices (7) are chosen to be
the least destabilizing among Nature's options. In contrast,
quite different thermodynamic factors stabilize helix termini,
which lack backbone hydrogen-bonding partners for the
initial four backbone >N-H groups and final four backbone
>C=O groups. Termini are stabilized by side chain-
backbone hydrogen-bonded capping of the otherwise unsat-
isfied backbone polar groups (20, 35-37), as well as electro-
static interactions between side chains of terminal residues
and the partial charges on unsatisfied polar groups (38, 39).
A telling example is provided by the recent finding of a
probable pH-dependent switch, in which protonation of a
hydrogen-bonded His situated at the N-cap position of a helix
in apocytochrome b5 lowers the helix = coil equilibrium
constant by more than an order of magnitude (40).
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